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The manifold of vitamin B6 dependent enzymes
Gunter Schneider*, Helena Käck† and Ylva Lindqvist*
Pyridoxal-5′-phosphate (vitamin B6) binding enzymes form
a large superfamily that contains at least five different
folds. The availability of an increasing number of known
three-dimensional structures for members of this
superfamily has allowed a detailed structural classification.
Most progress has been made with the fold type I or
aspartate aminotransferase family.
Address: Department of Medical Biochemistry and Biophysics,
Karolinska Institutet, S-171 77 Stockholm, Sweden.
†Present address: Structural Chemistry Laboratory, AstraZeneca R&D
Mölndal, S-431 83 Mölndal, Sweden.
*Corresponding authors.
E-mail: gunter@alfa.mbb.ki.se
ylva@alfa.mbb.ki.se
Structure 2000, 8:R1–R6
0969-2126/00/$ – see front matter 
© 2000 Elsevier Science Ltd. All rights reserved.
Introduction 
Vitamin B6, in the form of its biologically active phospho-
rylated derivatives pyridoxal-5′-phosphate (PLP) and pyri-
doxamine-5′-phosphate, represents one of nature’s most
versatile cofactors. Vitamin B6 dependent enzymes have a
major role in the metabolism of amino acids, and are found
in various pathways ranging from the interconversion of
α-amino acids to the biosynthesis of antibiotic com-
pounds. The basic chemistry accounting for the broad
range of chemical reactions catalysed by PLP-dependent
enzymes was outlined independently by Braunstein and
Shemyakin [1] and Metzler et al. [2]. Since these early
studies, the mechanism of enzymatic catalysis has been
the subject of extensive research (for recent reviews see
for example [3–6]).
In the resting enzyme, the aldehyde group of PLP is cova-
lently linked to a lysine residue at the active site of the
enzyme (the internal aldimine). Upon binding of the
amino acid substrate, the lysine is exchanged for the
amino group of the substrate forming a Schiff-base
complex with PLP (the external aldimine; Figure 1). In
the next step of the reaction, one of the bonds to the Cα
atom of the external aldimine is broken resulting in the
formation of a quinonoid intermediate. This process is
facilitated by the electrophilic properties of the cofactor,
which can act as an electron sink and stabilize the devel-
oping negative charge. Dunathan [7] argued that the bond
to be broken must be aligned parallel with the pi molecular
orbital system of PLP in order for the necessary orbital
overlap to occur. Bond breakage (i.e., the departure of any
of the substituents at the Cα atom) results in an extension
of the pi system of the cofactor by one carbon atom and the
free electron pair can be delocalised over these expanded
pi molecular orbitals. On the basis of ab initio calculations,
however, one of the generally accepted key features of
PLP catalysis — the stabilisation of the free electron pair
after bond cleavage by the electron sink effect of the pyri-
dine moiety of PLP — has recently been questioned [8].
The multitude of reactions catalysed by PLP-dependent
enzymes thus have several steps in common, and varia-
tions arise from enzymatic control of the different routes
to the central quinonoid intermediate (i.e., depending on
which of the three groups bound to the Cα atom of the
substrate is cleaved off; Figure 2). One exception to this
common mechanism has been reported for the
PLP-dependent phosphorylases. These enzymes use a
completely different chemistry and, unlike other PLP-
dependent enzymes, utilize the phosphate group of the
cofactor for catalysis. Is the variety in chemistry found in
vitamin B6 dependent enzymes reflected in diversity on a
structural level? In an early proposal, Dunathan and Voet
[9] suggested that all vitamin B6 dependent enzymes
evolved from a common ancestor. A classification of
PLP-dependent enzymes based on the chemical charac-
teristics of the catalysed reaction was later suggested by
Christen and coworkers [10] who divided PLP-dependent
enzymes into α, β and γ classes (i.e., depending on the
carbon atom involved in the chemistry). They attempted
to correlate the three classes with primary sequence simi-
larities and concluded that although a distant relationship
exists between the α and γ classes, the β class must have
evolved independently. Goldsmith and colleagues [11]
classified the PLP-dependent enzymes into five different
Figure 1
The chemical structure of pyridoxal-5′-phosphate (PLP) bound to an amino
acid, that is, in its external aldimine form. The view is from the re face.
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fold types on the basis of amino acid sequence compar-
isons, predicted secondary structure elements and avail-
able three-dimensional structural information. Jansonius
[6] divided vitamin B6 dependent enzymes into four
similar structural classes, but excluded the phosphorylases
due to their different chemistry.
The superfamily of vitamin B6 dependent enzymes
The number of vitamin B6 dependent enzymes with
known structure has more than doubled in the past two
years and to date the three-dimensional structures of 27
different PLP-dependent enzymes have been determined
(Table 1). Representatives of the PLP-binding folds of
the five structural classes of vitamin B6 dependent
enzymes — the aspartate aminotransferase family, the
tryptophan synthase β family, the alanine racemase family,
the D-amino acid family and the glycogen phosphorylase
family — are shown in Figure 3.
The aspartate aminotransferase family (fold type I)
This family contains 18 of the 27 PLP-dependent enzymes
of known three-dimensional structure (Table 1) and is thus
the structurally best characterized fold type in the super-
family. The enzymes in this class are catalytically active as
homodimers but in some cases assemble into larger com-
plexes. Each subunit folds into two domains (Figure 3a): a
large domain in which the central feature is a seven-
stranded β sheet, and a small domain, comprising the C-ter-
minal part of the chain, which folds into a three- or
four-stranded β sheet covered with helices on one side. The
N-terminal part of the chain does not have a common fold
within this class but often contributes to the small domain.
PLP is covalently attached to the large domain via the ε-
amino group of a lysine residue at the N terminus of a short
helix following a β strand. The phosphate is anchored to the
N terminus of another α helix on the other side of the β
sheet such that the aromatic ring of PLP packs against the
neighbouring β strands. The active site is located in a cleft
between the two domains, at the interface between the two
subunits of the dimer. Residues from both domains and
both subunits are involved in cofactor binding.
A multiple structural alignment including ten different
enzymes within the family of fold type I enzymes [12]
showed that, in general terms, the subunits are of course
similar within this structural family. Despite their similar
folds, however, only five segments, corresponding to β
strands β4, β7, β8, β9 and β10 in diamino pelargonic acid
synthase, are strictly superimposable between these
enzymes. In addition, an analysis of the pairwise structurally
aligned enzymes provided a basis for evaluation of evolu-
tionary relationships within this fold type. This analysis sug-
gested that the fold type I enzymes can be divided into six
subclasses, of which three are aminotransferase subclasses as
defined by Grishin et al. [11] and Metha et al. [13]. This clas-
sification correlates with the structure of the N-terminal part
of the chain, which folds similarly within a subclass but
shows entirely different conformations between the 
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Figure 2
The diversity of reactions catalysed by vitamin B6
dependent enzymes. Q indicates a quinonoid
intermediate. (The figure was adapted from [3].)
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subclasses [12]. Based on differences in the structure of the
N-terminal part, two further subclasses can now be defined:
the serine hydroxymethyltransferase subclass and the
3-amino-5-hydroxybenzoic acid synthase subclass (Table 1).
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Table 1
The superfamily of vitamin B6 dependent enzymes.
Enzyme Species PDB code Reference
Fold type I
Aminotransferase subclass I
Aspartate aminotransferase chicken mitochondria 7aat [26]
chicken cytosol 2cst [27]
pig cytosol 1ajr [28]
Escherichia coli 1ars [29,30]
Saccharomyces cerevisiae 1yaa [31]
Thermus thermophilus 1bjw [32]
Aromatic acid aminotransferase Paracoccus denitrificans 1ay4 [33]
Tyrosine aminotransferase Trypanosoma cruzi 1bw0 [34]
Aminotransferase subclass II
Dialkylglycine decarboxylase Pseudomonas cepacia 2dkb [35]
Glutamate-1-semialdehyde aminomutase Synechococcus sp. 4gsa [36]
Ornithine aminotransferase Homo sapiens 2oat [37,38]
ω-Amino acid:pyruvate aminotransferase Pseudomonas putida * [39]
8-Amino-7-oxononanoate Escherichia coli 1bs0 [40] 
Diamino-pelargonic acid synthase Escherichia coli 1qj5 [12]
GABA aminotransferase pig 1gtx [41]
Phosphoserine aminotransferase subclass
Phosphoserine aminotransferase Escherichia coli 1bjn [42]
Bacillus circulans 1bt4 Hester et al. unpublished
observations
Tyrosine-phenol lyase subclass
Tyrosine-phenol lyase Citrobacter freundii 2tpl [43]
Erwinia herbicola * [44]
Tryptophan-indole lyase Proteus vulgaris 1ax4 [45]
Cystathionine β-lyase subclass
Cystathionine-β-lyase Escherichia coli 1cl1 [46]
Cystathionine-γ-synthase Escherichia coli 1cs1 [47]
Ornithine decarboxylase subclass
Prokaryotic ornithinedecarboxylase Lactobacillus sp. 1ord [48]
Serine hydroxymethyltransferase subclass 
Serine hydroxymethyltransferase Homo sapiens 1bj4 [49]
rabbit 1cj0 [50]
3-Amino-5-hydroxybenzoic acid synthase subclass
3-Amino-5-hydroxybenzoic acid synthase Amycolatopsis mediterranei 1b9h [51] 
Fold type II
Tryptophan synthase Salmonella typhimurium 1ubs [14]
O-acetylserine sulfhydrylase Salmonella typhimurium 1oas [16]
Threonine deaminase Escherichia coli 1tdj [15]
Fold type III
Alanine racemase Bacillus stearothermophilus 1sft [17] 
Eukaryotic ornithine decarboxylase mouse 7odc [18]
Yeast hypothetical protein Saccharomyces cerevisiae 1b54 [19]
Fold type IV
D-Aminoacid aminotransferase Bacillus sp. 1aog [20]
Branched-chain amino acid transferase Escherichia coli 1a3g [21]
Fold type V
Glycogen phosphorylase Oryctolagus cuniculus 1a8i [22,23]
Maltodextrin phosphorylase Escherichia coli 1ahp [52]
*The atomic coordinates for these enzymes are not deposited in the PDB.
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Superposition of the fold type I enzymes reveals that the
location of the cofactor in the active sites of these enzymes
is virtually identical. However, this comparison suggests
that the active-site lysine residues are not structurally con-
served [12]. In the subclass II aminotransferases this
residue occurs one position earlier in the polypeptide
chain than in the other fold type I enzymes, suggesting a
deletion in the ancestral subclass II aminotransferase.
Instead, the only structurally and functionally conserved
residue within this fold type family is an aspartic acid
residue that interacts with the pyridine nitrogen, indicat-
ing its importance for catalysis. Enzyme–cofactor inter-
actions of importance for the mechanism in aspartate
aminotransferase, such as parallel stacking of the pyridine
ring from the re side and the hydrogen-bond network to
the phenolic oxygen, are not conserved. These discrepan-
cies suggest that different means are used to tune the cat-
alytic process in the different subclasses.
The tryptophan synthase β family (fold type II)
This family includes the tryptophan synthase β subunit
[14], threonine deaminase [15] and O-acetyl serine
sulfhydrylase [16]. Tryptophan synthase folds into an α2β2
tetramer, where β is the catalytic PLP-binding subunit
and α is a regulatory subunit. Threonine deaminase,
active as a homodimer, similarly contains one regulatory
domain and one PLP-binding, catalytic domain; however,
these two domains are accommodated within one subunit
of the enzyme. O-acetylserineacetyl serine sulfhydrylase
consists of dimers of PLP-binding subunits and is not
under the allosteric control of a regulatory domain. The
PLP-binding regions in these enzymes (Figure 3b) share
the same fold and consist of two domains of about equal
size: an N-terminal domain containing a four-stranded
sheet surrounded by helices; and a C-terminal domain
built up by a six-stranded sheet with flanking helices. The
active site is accommodated in a cleft formed between the
C-terminal ends of the two β sheets. PLP is bound to an
active site lysine residue, which is located at the begin-
ning of an α helix just after a strand in the N-terminal
domain. The phosphate group binds to the N terminus of
another helix in the C-terminal domain, which positions
the aromatic ring of PLP at a cross-over connection in this
β sheet. The cofactor is bound in the same orientation as
in the aspartate aminotransferase family (i.e., with the 
re face towards the solvent). In these enzymes, a serine
residue coordinates the pyridine nitrogen, rather than the
aspartic acid used in the aspartate aminotransferase family.
The alanine racemase family (fold type III)
Alanine racemase [17], eukaryotic ornithine decarboxylase
[18], and a putative PLP-dependent enzyme [19] are the
only members of this family with known three-dimen-
sional structure. Other enzymes such as prokaryotic
diaminopimelate decarboxylase, and biosynthetic arginine
decarboxylase have been assigned to this class on the basis
of similarities in primary sequence [11]. Alanine racemase
is a homodimer in which each of the subunits folds into
two domains, an eight-stranded α/β barrel and a domain
mainly comprising β strands (Figure 3c). PLP binds at the
mouth of the α/β barrel in a cleft formed between the two
domains. The active-site lysine is situated at the C-termi-
nal end of the first strand where it turns into the proceed-
ing helix, and the phosphate group of PLP is bound at the
N terminus of the last helix of the α/β barrel. Contrary to
the PLP-dependent enzyme classes described above, PLP
binds with its re side facing the protein. The sidechain of
an arginine residue forms a hydrogen bond to the pyridine
nitrogen, indicating that protonation of the pyridine nitro-
gen is not crucial for catalysis in these enzymes. An 
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Figure 3
The five known pyridoxal-5′-phosphate (PLP) binding folds. Secondary
structure elements are colour coded: in the PLP-binding domains β strands
are shown in dark blue and α helices in yellow; for other domains β sheets
are in cyan and α helices in orange. PLP, bound covalently to the sidechain
of the catalytic lysine residue, is shown in red. The topology diagrams are
adapted from the Tops database (http://www3.ebi.ac.uk/tops/).
(a) Diamino-pelargonic acid synthase from E. coli (PDB code 1qj5), a
representative of the fold type I family. (b) Tryptophan synthase (PDB code
1ubs), fold type II. (c) Alanine racemace (PDB code 1sft), fold type III.
(d) D-Alanine aminotransferase (PDB code 1daa), fold type IV. 
(e) Glycogen phosphorylase (PDB code 1gpb), fold type V; for clarity, only
the C-terminal PLP-binding domain is shown. In addition, an α helix from the
N-terminal domain (shown in orange) interacts with the pyridine ring of PLP
and is included in the fold diagram.  
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arginine residue at this position was also observed in a
putative PLP-dependent enzyme identified in yeast [19].
In the mammalian ornithine decarboxylases, however, the
environment of the PLP nitrogen atom is more similar to
that in the aminotransferases, with a hydrogen-bond inter-
action to an acidic glutamic acid residue [18].
The D-amino acid aminotransferase family (fold type IV)
This class presently has only two members with known
three-dimensional structure: D-amino acid aminotrans-
ferase [20] and branched-chain aminotransferase [21].
Goldsmith and colleagues [11] also assigned 4-amino-4-
deoxychorismate lyase to this class. The fold consists of a
two-domain structure (Figure 3d) with the active site
located at the domain interface. Two identical subunits
form a catalytically competent dimer; however, branched-
chain aminotransferase further assembles into a hexamer.
The smaller N-terminal domain contains a six-stranded
antiparallel β sheet with two α helices on one side. In the
larger C-terminal domain, two four-stranded β sheets form
a pseudo-β-barrel that is surrounded by a few helices. The
active-site lysine is situated in a loop between the first
strand in the barrel and a following helix. The phosphate
is bound to the N terminus of an α helix in the same
domain. The cofactor binds with its re side facing the
protein rather than the active-site pocket as in the fold
type I family, accounting for the difference in stereochem-
istry of the products in the reaction of D-amino acid
aminotransferase. A glutamic acid sidechain forms a
hydrogen bond to the pyridine nitrogen. The active site of
D-amino acid aminotransferase is virtually a mirror image
of the active site of the fold type I aminotransferases, and
these two enzyme families provide an excellent example
of convergent evolution [20].
Glycogen phosphorylase family (fold type V)
The crystal structure of glycogen phosphorylase was the
first structure of a PLP-binding enzyme to be determined
[22,23]. In members of this class of enzymes, PLP does
not act as an electrophilic catalyst but instead its phos-
phate group participates in proton transfer. However,
because glycogen phosphorylase binds PLP in a very spe-
cific manner and PLP is used for catalytic purposes this
enzyme can be included in the superfamily of vitamin B6
dependent enzymes. 
Glycogen phosphorylase is a multidomain protein consist-
ing of an N-terminal domain of approximately 310 residues,
a glycogen-binding domain spanning 160 residues, and a 
C-terminal domain of about 360 residues. The C-terminal
domain (Figure 3e) has a dinucleotide-binding fold and
binds the cofactor PLP. The phosphate group binds to the
N terminus of an α helix that also harbours the active-site
lysine residue one turn further down the helix. No hydro-
gen bonds are made from the protein to the pyrimidine
nitrogen. Binding of the cofactor PLP to this domain is thus
very different from the binding mode of dinucleotide-con-
taining cofactors, such as NADH, to this fold.
Conclusions
The fact that completely different folds are utilized as a
scaffold for PLP catalysis indicates that the catalytic strat-
egy employed by this cofactor has emerged at several occa-
sions during evolution. Although the overall fold differs, a
few features in the interactions of PLP with the active site
are conserved. In all cases studied so far, the phosphate
group is bound to the N terminus of an α helix, and a cova-
lent Schiff-base linkage is used to anchor the cofactor to the
enzyme in the resting state. In four of the five folds the cat-
alytic lysine residue is located in the connection between a
β strand and the following α helix. In contrast to the classi-
cal binding mode of, for example, NAD(P)H or thiamin
diphosphate to open α/β structures, cross-over connections
to adjacent parallel strands in the sheet are, with the excep-
tion of fold type II, not utilized for PLP binding.
In the past two years, the number of PLP-dependent
enzymes of known structure has more than doubled, and
on-going structural genomics programs will soon tell us
whether there are additional, hitherto unknown folds that
also bind PLP. We can expect that in a few years the
whole superfamily of PLP-dependent enzymes will be
structurally characterized and the overall architecture of all
these enzymes will be known. The focus of future studies
will then shift towards the remaining mechanistic issues,
for instance how these enzymes select for and control any
particular chemical reaction (e.g., α, β or γ type). Exciting
insights into the allosteric regulation of PLP-dependent
enzymes, as generated by on-going work on tryptophan
synthase [24,25], are to be expected for other enzymes,
such as threonine deaminase.
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